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Summary
Tetrodotoxin (TTX) is a highly potent neurotoxin that
selectively binds to the outer vestibule of voltage-
gated sodium channels. Pufferfishes accumulate ex-
tremely high concentrations of TTX without any ad-
verse effect. A nonaromatic amino acid (Asn) residue
present in domain I of the pufferfish, Takifugu parda-
lis, Nav1.4 channel has been implicated in the TTX
resistance of pufferfishes [1]. However, the effect of
this residue on TTX sensitivity has not been investi-
gated, and it is not known if this residue is conserved
in all pufferfishes. We have investigated the genetic
basis of TTX resistance in pufferfishes by comparing
the sodium channels from two pufferfishes (Takifugu
rubripes [fugu] and Tetraodon nigroviridis) and the
TTX-sensitive zebrafish. Although all three fishes con-
tain duplicate copies of Nav1.4 channels (Nav1.4a and
Nav1.4b), several substitutions were found in the TTX
binding outer vestibule of the two pufferfish channels.
Electrophysiological studies showed that the nonaro-
matic residue (Asn in fugu and Cys in Tetraodon) in
domain I of Nav1.4a channels confers TTX resistance.
The Glu-to-Asp mutation in domain II of Tetraodon
channel Nav1.4b is similar to that in the saxitoxin-
and TTX-resistant Na+ channels of softshell clams
[2]. Besides helping to deter predators, TTX resistance
enables pufferfishes to selectively feed on TTX-
bearing organisms.
Results and Discussion
TTX binds with very high affinity to the a subunit of the
sodium channel at the outer vestibule formed by the
pore loops located between segments S5 and S6 of
each of the four homologous transmembrane domains
(Figure 1A). Mutation analyses have identified several
*Correspondence: mcbbv@imcb.a-star.edu.sg (B.V.); phsstw@nus.
edu.sg (T.W.S.)residues in the pore loop regions of mammalian sodium
channels that are important for the binding of TTX [3–5].
Furthermore, regions outside the pore loop regions do
not seem to alter the TTX sensitivity of the channels
[6]. In order to identify potential mutations associated
with TTX resistance of pufferfishes, we compared the
skeletal muscle sodium channels (Nav1.4) from two puf-
ferfishes (fugu and Tetraodon nigroviridis), the zebrafish
(Danio rerio), and mammals. Fugu is a marine pufferfish
and Tetraodon a freshwater/brackish water pufferfish,
and both are known to accumulate TTX [7–9]. The so-
dium channel gene sequences for the three fishes
were obtained by mining their genome databases (see
the Supplemental Data available with this article online).
Gaps in the sequences were filled by sequencing geno-
mic DNA, and the exon-intron structures were resolved
by sequencing RT-PCR and RACE products. The iden-
tities of the genes were ascertained by phylogenetic
analysis and by analyzing expression patterns. All three
fishes contain two orthologs each (Nav1.4a and Nav1.4b)
for the mammalian skeletal muscle sodium channel
gene. The topology of the phylogenetic tree (Figure S2)
suggests that the two copies of the fish genes are the re-
sult of gene duplication in a common ancestor of the
three fishes. This duplication is likely to be the result of
whole-genome duplication in the ray-finned fish lineage
[10].
Comparisons of the predicted protein sequences of
the skeletal muscle sodium channels show that both
copies of the two pufferfish channels have accumulated
several unique substitutions in the otherwise highly con-
served pore loop regions of the four domains (Figure 1B).
Among these substitutions, the nonaromatic amino acid
residue Cys and Asn in the pore loop of domain I of
channel Nav1.4a in Tetraodon and fugu, respectively,
are likely to be associated with TTX resistance (Fig-
ure 1B). The nonaromatic Cys residue found in domain
I of Tetraodon channel Nav1.4a is similar to that in the
TTX-resistant mammalian cardiac channel Nav1.5. The
cardiac channels of fugu also contain this residue
(data not shown). The Cys residue has been shown to
confer TTX resistance when introduced into the TTX-
sensitive rat Nav1.4 channel [4, 5]. Thus, the Tetraodon
channel Nav1.4a is likely to be resistant to TTX. The
fugu Nav1.4a channel contains Asn at this position sim-
ilar to Takifugu pardalis sodium channel [1]. We investi-
gated the effect of this residue by substituting Tyr in the
TTX-sensitive rat Nav1.4 channel (also known as mI) with
Asn (Y401N). For comparison, we also analyzed the
effect of Y401C mutation in parallel.
Patch-clamp whole-cell recordings of INa of rat Nav1.4
(wt) and the two mutant channels expressed in HEK 293
cells were identical in their electrophysiological proper-
ties (Figure S3 and Table S1). Application of 0.1 mM TTX
to wt channel blocked about 80% of the INa, whereas
1 mM TTX completely blocked the current (Figure 2A).
In contrast, 1 mM TTX blocked only about 20% of the cur-
rents in the mutant channels. Indeed, even a 100-fold
higher concentration of TTX (100 mM) could block only
55% of the INa flowing through the mutant channels.
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2070Figure 1. Schematic Diagram of the Sodium Channel and the Amino Acid Sequences of the Skeletal Muscle Sodium Channels
(A) Two-dimensional structure of the sodium channel protein. The sodium channel is comprised of four homologous domains (I–IV), each con-
sisting of six transmembrane segments (S1–S6). Cylinders represent transmembrane a helices; solid lines show the hydrophilic portions of the
sequence. Positions of pufferfish Nav1.4 residues associated with TTX resistance are shown as red dots.
(B) Alignment of the pore loop region of the four domains from rat (rNav1.4), zebrafish (zNav1.4), fugu (fNav1.4a and fNav1.4b), and Tetraodon
(tNav1.4a and tNav1.4b) skeletal muscle sodium channels. Residues unique to pufferfishes (fugu and Tetraodon) are highlighted in color. Those
in red are associated with TTX resistance.The TTX concentration at which 50% of sodium chan-
nels are blocked by TTX (Kd) is significantly higher for
the two mutant channels than the wt channel (Figure 2B).
The Kd value (mean 6 SEM) for the wt channel is only
19.10 6 1.8 nM, whereas the Kd values for the mutants
Y401N and Y401C are 37.59 6 8.34 mM and 47.41 6
10.9 mM, respectively. Thus, the Y401N and Y401C mu-
tant channels are about 2000-fold and 2500-fold less
sensitive to TTX than the wt channel. These experiments
demonstrate that the substitution of the aromatic resi-
due with the nonaromatic amino acid residue Asn or
Cys in the pore loop of domain I decreases the TTX sen-
sitivity of the channel. Thus, the sodium channel Nav1.4a
in both fugu and Tetraodon is likely to be resistant to TTX
and responsible for rendering the pufferfish muscle fi-
bers insensitive to TTX.
The second copy of the Tetraodon Nav1.4 channel,
tNav1.4b, contains a Glu-to-Asp mutation in the pore
loop of domain II (Figure 1B). The same mutation is
found in domain II of sodium channel of softshell clams
(Mya arenaria) that are resistant to saxitoxin (STX),
a TTX-related neurotoxin produced by dinoflagellates
[2]. Introduction of this mutation into the STX-sensitive
rat brain channel Nav1.2 was shown to render the chan-
nel 1500-fold less sensitive to STX and 3000-fold less
sensitive to TTX [2]. It is, therefore, likely that the Tetra-
odon channel Nav1.4b containing the Asp residue in do-
main II is resistant to STX as well as TTX. Indeed, STX
has been identified as a major neurotoxin in some fresh-
water species of Tetraodon, including T. fangi andT. cutcutia [11, 12]. The identical mutations in the outer
pore loop of domain II of the Tetraodon channel
Nav1.4b and the softshell clam Na
+ channel are an un-
usual instance of convergent evolution at the molecular
level in a vertebrate and an invertebrate. In both organ-
isms, neurotoxins seem to be the natural selection
agent. The duplicate copy of the fugu Nav1.4 channel,
fNav1.4b, contains two unique substitutions, one in the
pore region of domain II (Thr-to-Ser) and another in do-
main III (Met-to-Thr) (Figure 1B). However, these substi-
tutions are unlikely to confer TTX resistance, since both
substitutions are present in the TTX-sensitive sodium
channels from flatworms [2, 13], and the sodium chan-
nels from the TTX-sensitive softshell clams contain the
first substitution [2]. Thus, the second copy of the fugu
Nav1.4 does not seem to be TTX resistant. However,
this should not affect fugu, since the other copy
(fNav1.4a), which is TTX resistant, can facilitate normal
ion conductance in the muscle fibers.
Some populations of garter snakes (Thamnophis sir-
talis) that live in North America have independently
evolved resistance to TTX that enables them to feed
on tetrodotoxic newts (Taricha granulosa) [6]. In these
snakes, mutations in the outer pore of domain IV of the
skeletal muscle sodium channels (I1556L, I1561V,
G1566A, D1568N, and G1569V) were found to be re-
sponsible for the TTX resistance. The differences in
the level of TTX resistance in different populations
were related to different mutations. For example, the
Willow Creek population, which showed the highest
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2071Figure 2. Effect of Different Concentrations of TTX on Wt and Mutant rNav1.4 Channels
(A) Representative INa traces from wt and Y401C and Y401N mutants. Sodium channels were expressed in HEK293 cells, and whole-cell current
was recorded by a 40 ms single pulse at210 mV from holding potential of2120 mV. The control is the current trace before application of TTX. The
standard bar stands for 1 nA (vertical line) and 1 ms (horizontal line).
(B) Dose-response curves showing the ratios of the unblocked-to-total currents for the three channels that were exposed to various concentra-
tions of TTX. The curve was fitted to the equation as detailed in Experimental Procedures (see Supplemental Data). Graphpad Prism IV was used
to fit the data and plot the curves. The error bars indicate SEM.resistance to TTX block, contains all the four mutations
[6]. The fugu and Tetraodon Nav1.4a channels contain
mutation at one of these positions (Glu1569). The Glu at
this position is substituted by Thr and Gln in fugu and
Tetraodon, respectively (Figure 1B). Since only the com-
bined effect of the four mutations on the TTX resistance
of garter snake channels has been investigated [6], it is
not known if the mutation at Glu1569 in fugu and Tetra-
odon Nav1.4a channels has any additive effect on the
TTX resistance conferred by the mutation in domain I.
TTX was first isolated from pufferfishes and hence
named after the pufferfish family, Tetraodontidae. This
family includes 19 genera with about 120 species [14].
The majority of the pufferfishes investigated, including
the marine, brackish water, and freshwater species,
have been found to accumulate TTX or its related neuro-
toxin, STX, in their tissues [7]. However, the levels and
tissue distribution of the toxin show seasonal, regional,
and individual variations [7]. The primary producers of
TTX in nature are marine bacteria such as Vibrio and
Pseudomonas [15, 16]. Some of these microbes thrive
as symbionts on pufferfishes and contribute to the TTX
content of their tissues [15, 16]. However, the major
source of TTX in pufferfishes is their diet. The natural
diet of pufferfishes includes benthic organisms such
as starfish, gastropods, and shrimps, which are known
to accumulate TTX through the food chain [7]. A major
portion of TTX in pufferfishes is derived from thesefood items. Pufferfishes grown in net cages in the sea
and fed with TTX-free diet are devoid of TTX [7].
As TTX has been identified in diverse genera of puffer-
fishes, it is likely that the pufferfishes share a common
genetic basis for TTX resistance. Our study has identi-
fied one such common mutation in domain I of the skel-
etal muscle sodium channels Nav1.4a from fugu and Tet-
raodon (Figure 1B). So, what advantages does TTX
resistance offer to pufferfishes? A main advantage is
that the high tissue concentrations of TTX act as an ef-
fective chemical defense against predators. Another
significant advantage is that TTX resistance enables
pufferfishes to feed on TTX-bearing organisms. Since
TTX-bearing organisms are avoided by other fishes,
there is little competition for these food items, and puf-
ferfishes can selectively feed on these organisms. The
high levels of TTX accumulation in pufferfishes from ma-
rine environment support this notion. Finally, there is ev-
idence that some marine pufferfishes use TTX as a pher-
omone to attract males during spawning [17]. Large
quantities of TTX are accumulated in the oocytes during
ovarian maturation and released from the oocytes dur-
ing ovulation. Spermeating males, but not the sexually
active females, are attracted to TTX at concentrations
as low as 1.5–15 pM [17]. These puffers, having acquired
the ability to accumulate TTX in their tissues, have made
use of TTX as a pheromone to ensure higher chances of
fertilization and propagation of the species.
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tal Experimental Procedures and can be found with this article online
at http://www.current-biology.com/cgi/content/full/15/22/2069/
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